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inhibition of VDACs was achieved by 4,4′-diisothiocyanostilbene-2,2′-disulfonic acid (DIDS) inhibitor and in vitro experiments including clonogenity assay, UV-visible spectrophotometry, comet assay and FACS analysis were implemented. Results: Inhibition of VDAC led to augmentation of IR-induced apoptosis and ROS production. Additionally, DIDS affected repair of IR-induced DNA strand breaks and was in line with both induction of apoptosis and caspase activity. The IR-induced NO production was potently reduced by inhibition of VDAC. Conclusion: Our results suggest that VDAC control cellular response to ionizing radiation through modulation of the ROS-and NO-dependent signaling pathways.
Inhibition of VDAC with DIDS induced apoptosis in irradiated K562 lymphoblastoid cells points at DIDS, as a promising agent to enhance the effectiveness of radiotherapy.
INTRODUCTION

Exposure of cells to ionizing radiation (IR) induces changes in cellular structures and
behavior not only directly, but also by radiolysis of water to form reactive oxygen and nitrogen species (ROS and RNS, respectively). These reactive species modify macromolecules [1] and activate signaling pathways, which lead to inhibition of the cell cycle, induction of apoptosis and DNA repair, as well as intercellular communication resulting in bystander effects in neighboring cells [1, 2] . Cells start to produce ROS and NO already a few hours after irradiation [3, 4] , and ROS generation depends highly on the mitochondrial membrane potential [3, 5, 6 ]. An increase of mitochondrial membrane permeability and the flux of ions in, and out of the inter-membrane space, are governed by different specific outer and inner mitochondrial membrane channels including voltagedependent chloride channel (VDAC, porins). Furthermore, their role in the regulation of mitochondrial functioning, as well as controlling of cell survival and cell death signals has been widely described in the literature [7] [8] [9] .
Briefly, VDACs are small (~30 kDa) proteins in the outer membrane of mitochondria of all species studied [10] [11] [12] . The flux of ions and small molecules through the mitochondrial membrane is crucial for cellular physiology, and membrane VDACs are one of the players in the control of membrane permeability. In mammals there are 3 isoforms which build channels with slightly different properties [13] . Opening of these channels is regulated by mitochondrial membrane potential, with closure at high values, and their main function is regulating the flow of metabolites such as of ATP and ADP and other respiratory substrates between the cytosol and the mitochondrial intermembrane space [14, 15] . They are also responsible for the release of superoxide anions (O 2
•-) from the mitochondrial intermembrane space to the cytosol [16] and participate in regulating the redox status of the cytoplasm and mitochondria [17, 18] . IR influences ion transporters in cancer cells, including VDACs [19] . 4 Furthermore, cancer cells show increased expression of channel proteins in cellular and organelle membranes [20] . The question therefore arises if modulation of the activity of VDAC may participate in the production of ROS and NO in irradiated cells.
4,4′-diisothiocyanostilbene-2,2′-disulfonic acid (DIDS) has been described as a nonspecific VDAC inhibitor [21, 22] influencing various cellular functions including protein and organelle trafficking, as well as DNA repair [23] [24] [25] . The effectiveness of DIDS to block mitochondrial anion channels has been well documented in the literature [22, 26, 27] .
The aim of the work reported here was to examine the impact of VDAC inhibition on response to IR considering cell cycle progression, apoptosis induction, repair of DNA breaks as well as levels of ROS and NO.
RESULTS AND DISCUSSION
The effect of DIDS on cell survival and cell cycle progression in irradiated cancer cells
In this work we investigated the role of VDACs in the response of human lymphoblastoid K562 cells to ionizing radiation. We have used DIDS, the unspecific VDAC inhibitor acting on both mitochondrial and plasma membrane channels [21, 22, 28] .
At first, to determine whether VDAC inhibition affects radiation-induced toxicity, the clonogenic assay has been applied. The human lymphoblastoid K562 cells underwent combined treatment with DIDS and X-ionizing radiation (IR). Our results showed that DIDS alone does not affect cell survival significantly unlike irradiated cells (Fig 1A) . Furthermore, irradiation in the presence of VDAC inhibitor led to a decrease in the surviving fraction of the K562 cells pointing at radiosenitizing role of DIDS ( Fig 1A) . In addition, no significant effect of DIDS on growth of K562 cells measured by MTT assay was observed (data not shown).
Next, we assessed the impact of IR and DIDS-mediated growth inhibition on cell cycle progression. Cell cycle progression in cultures of control (unirradiated) cells was not affected 5 significantly in the presence of DIDS in comparison to irradiated cells (Fig 1B) . The ratio of G2/G1 after combined treatment with IR and DIDS at various time points was calculated. We observed an increase in cell cycle arrest, which is illustrated as an increase in G2/G1 ratio over time in the irradiated cells pre-treated with DIDS ( Fig 1C) . We have demonstrated that DIDS has the radiosensitizing effect on K562 cells and is in concordance with previous research [29, 30] . Recently a large number of radiosensitizers that modulate survival pathways have become available, for example inhibitors of histone deacetylase [31] , ataxia telangiectasia mutated protein [32] , Raf [33] , Hsp90 [34] , or PI3K/mTOR [35] .
The effect of DIDS on radiation-induced apoptosis
The sub-G1 population detected by flow cytometry was compared in irradiated cells as well as irradiated cells pre-treated with DIDS. As shown in Figure an apparent apoptotic phenotype such as propidium iodide uptake and cytochrome c release from mitochondria, the activation of caspase-3 was observed. A similar phenomenon of DIDS-induced apoptotic phenotype without disruption of plasma membrane integrity has been described previously in hippocampal neuronal cells [36] . However, the above described clonogenic assay showed that proliferation capability of K562 cells after DIDS treatment was not affected significantly when compared to IR+DIDS treated cells. A relatively low activity of caspase-1, 3, 8 and 9 in irradiated cells at 48h post-treatment might be a result of masking caspase-dependent cell death by a potentially coexisting and delayed caspase-independent pathway. A similar mechanism has been described in staurosporine-induced apoptosis of acute lymphoid leukemia cells [37] .
The effect of DIDS on radiation-induced DNA damage response DIDS inhibits RAD51-mediated strand exchange during repair of DNA strand breaks [23] , and we therefore examined if it affected repair of radiation-induced DNA strand breaks.
DIDS alone did not show significant effect on the frequency of DNA strand breaks.
Additionally, our data showed that inhibition of VDAC in irradiated cells inhibits DNA repair unlike only irradiated or DIDS treated cells (Figure 3 ). 
The effect of DIDS on ROS and NO production in irradiated cells
First, the effect of VDAC inhibition on ROS production was investigated in K562 cells using DCFH-DA fluorescence. Our results showed that inhibition of VDAC was associated with a significant increase in the IR-induced ROS levels after 24h compared to only irradiated cells ( Figure 4A ). This suggests that increased production of ROS may play an important role in DIDS-induced radio-sensitization. Next, we followed changes of NO levels in K562 cell culture medium up to 24h post-irradiation and/or VDAC inhibition using DAF-FM fluorescence [38] . IR led to a strong induction of NO unlike non-irradiated cells. Furthermore, inhibition of VDAC potently decreased IR-induced NO levels ( Figure 4B ).
DIDS-induced apoptosis in irradiated cells was associated with increased ROS production. It has been shown previously that VDAC inhibition with DIDS leads to loss of mitochondrial membrane potential in irradiated compared to only DIDS treated cells suggesting its VDAC targeting capacity [29] . Additionally, in our earlier report we have shown that increase in ROS production at later time point following IR depends on the mitochondrial complex I activity [3, 4] . In the present work we showed that DIDS augmented the late production of ROS in irradiated cells, suggesting that mitochondrial VDAC may participate in the regulation of ROS levels directly or indirectly throughout effects on membrane potential.
Furthermore, the increase of ROS at 24h post-IR was accompanied by increase of DNA damage in irradiated cells. However this IR-induced DNA damage remained in the cells treated with DIDS unlike only irradiated cells. It has been shown that DIDS can suppress homologous recombination-dependent DNA repair by competitive binding to the DNAbinding site in RAD51 and sensitizes cells to IR [23, 30] .
In addition to the DNA damage, IR leads to accelerated NO production, which is considered a direct consequence of DNA strand breaks. It has been suggested that radiationinduced NO is associated with radio-resistance of cancer cells [39] . What's more, recent 8 findings indicate a novel role of NO in the regulation of stem-like phenotype in lung cancer cells [40, 41] . The inhibitory effect of NO on apoptosis via inhibition of caspase activity or decreasing pro-apoptotic level of cGMP has also been proposed [42] . We demonstrated that inhibition of VDAC leads to a decreased production of NO in irradiated lymphoblastoid cells.
These findings suggest that DIDS may have a pro-apoptotic effect in irradiated cells and potentially protective effect against cancer progression through modulation of NO production.
However, no clear induction of caspase activity has been observed in irradiated cells upon DIDS treatment. Furthermore, NO is a signaling molecule that also affects many mitochondrial functions [43] . High levels of NO acutely inhibit cell respiration by binding to cytochrome c oxidase while chronic, smaller increases stimulate mitochondrial biogenesis [43] [44] [45] . Mitochondria contain their specific, Ca(2+)-sensitive mitochondrial NO synthase (mtNOS) whose NO production regulates mitochondrial oxygen consumption and transmembrane potential via a reversible reaction with cytochrome c oxidase (reviewed in [44] ). The increased levels of NO in irradiated K562 cells might be a consequence of a larger fraction of cells in the G2 phase stimulating the biogenesis of mitochondria before division.
CONCLUSIONS
In summary, our results suggest that VDAC control the cell cycle checkpoints and the cellular response to ionizing radiation through modulation of the ROS-and NO-dependent signaling pathways. Inhibition of VDAC with DIDS induced apoptosis in irradiated lymphoblastoid cells points at DIDS as a promising agent to enhance the effectiveness of radiotherapy.
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MATERIALS AND METHODS
Cell culture, irradiation and DIDS treatment
Cells of the human myelogenous leukaemia line K562 (ATCC) were grown in RPMI 1640
supplemented with L-glutamine (Sigma-Aldrich), 15% (vol/vol) fetal bovine serum (Gibco), and 0.04% gentamycin (50 mg/ml) in a 5% CO 2 incubator at 37°C. Exponentially growing cells were irradiated at room temperature with 4 or 12 Gy of 6 MV X-ray photons generated by a therapeutic accelerator (Clinac 600) in fresh culture medium (changed 15 min before irradiation). DIDS (Sigma) was kept in 100 mM stock solutions in DMSO and when required, it was added to the culture medium 15 min prior to irradiation and the cells were incubated with DIDS during and after irradiation for the indicated time.
Analysis of the cell cycle and apoptosis
DNA content was assayed by flow cytometry (Becton Dickinson, Aria III Sorter) using at least 10,000 cells per sample. Cells were fixed in ice-cold 70% (vol/vol) ethanol on ice for 30 min, washed with PBS, resuspended in 50 µl PBS, and incubated with 100 µg/ml RNase A (Sigma-Aldrich) at 37 °C for 15 min, followed by addition of propidium iodide (PI) (Sigma; 100 µg/ml) at room temperature for 10 min. Apoptotic cells were quantified as the sub-G1 population.
Clonogenity assay
Cells (10 5 per dish) were seeded onto 6 cm diameter sterile dishes in culture medium RPMI (Sigma) containing 0.35% (wt/vol) low-melting agarose (ABO, Poland) over a 0.7% (wt/vol) agarose (ABO, Poland) layer in the presence of irradiation, varying concentartions (50, 500
and 1000 µM) of DIDS or in combination with irradiation. All pre-incubations in suspension were conducted for 30 minutes, than cells were additionally irradiated with X-rays, at doses of 4 and 12 Gy. As controls, untreated K562 cells were used. The culture medium was filled to 5 ml followed by incubation of cells for 3 weeks. When colony formation was observed (over 50 cells in single colony), cells were stained with 0.005% (wt/vol) crystal violet (Acros Organics) in PBS containing 4% formaldehyde and colonies were counted manually from each dish. The plating efficiency index (PE) was calculated for control and treated sets: PE (%) = counted colonies/seeded cells x 100; and the survival fraction (SF): SF = PE tested/PE control.
Measurements of cytochrome c release
The 
Caspase activity assay
Caspase activities were determined in cell lysates using colorimetric assay kits (Biomol) with the chromogenic peptidyl substrates YVAD-pNA, DEVD-pNA, IETDpNA and LEHD-pNA for caspases 1, 3, and 8 and 9 respectively. After 2 h of incubation at 37 °C absorbance was measured on a NanoDrop spectrophotometer at 405 nm and standardized using the free colorimetric substrates. Caspase activities were calculated as pmoles of substrate cleaved by1 mg of protein per 1 min [46] . The concentration of protein in cell lysates was measured by UV absorption at 280 nm.
Assays of ROS and NO
Cellular ROS content was determined using 2',7'-dichlorofluorescein diacetate (DCFH-DA, Sigma). Briefly, cells were collected and labeled with DCFH-DA ( and expressed as the mean value.
Statistical analyses
At least three replicates of all experiments were performed and results are expressed as mean ± SD. Differences were regarded as statistically significant when P calculated by the twosided Student t test was <0.05. 
